Interleukin-18 (IL-18) is a key inflammatory molecule suspected of being involved in the etiology of cardiovascular diseases (CVD). Five single nucleotide polymorphisms (SNPs) capturing the common genetic variation of the IL-18 gene (tag SNPs) were genotyped in five European prospective CVD cohorts including 1933 cases and 1938 non-cases as part of the MORGAM Project. Not a single SNP was found associated with CVD. However, a significant (P ¼ 0.002) gene-smoking interaction was observed. In smokers, the À105T allele was more frequent in cases than in non-cases (0.29 vs 0.25) and associated with an increased risk of disease (odds ratio (OR) ¼ 1.25 (1.07 -1.45), P ¼ 0.005), whereas the inverse relationship tended to be observed in non-smokers (OR ¼ 0.90 (0.78 -1.02), P ¼ 0.131). The gene-smoking interaction was broadly homogenous across the cohorts and was also observed through haplotype analyses. In conclusion, using the concerted effort of several European prospective CVD cohorts, we are able to show that one IL-18 tag SNP interacts with smoking to modulate the risk of developing CVD.
Introduction
Interleukin-18 (IL-18), a pro-inflammatory cytokine, is a source of considerable research interest thanks to its implication in the etiology of several diseases, including immune diseases, type I diabetes and cardiovascular diseases (CVD). 1 There is mounting evidence from epidemiological and animal studies that IL-18 plays a key role in CVDs through its contribution to atherosclerosis. 2 -7 In particular, increased IL-18 levels were shown to be strong predictors of cardiovascular mortality 5, 6 and associated with carotid intima-media thickness. 8 More recently, a fresh light has been shed on the relationship between IL-18 and CVD by the finding that IL-18 gene haplotypes are associated with cardiovascular mortality in patients with coronary artery disease, independently of IL-18 levels. 7 The purpose of this report was to investigate the association between IL-18 haplotypes derived from five tag IL-18 gene single nucleotide polymorphisms (SNPs) 7 and the risk of CVD in the MORGAM Project. 9 MORGAM is a collaborative study pooling many European prospective CVD cohorts to identify genetic factors underlying CVD. The pooling of cohorts should provide ample power to detect the moderate genetic effects, gene -gene and geneenvironment interactions believed to influence CVD incidence. A case -cohort design 10 has been adopted in MORGAM 11 to enable the study of multiple end points, including coronary heart disease (CHD) and stroke, while minimizing the genotyping costs. Under such sampling, genotypic information is available only on a random sample of the entire cohort, generally referred to as a subcohort, and for all additional individuals who experienced the events of interest during the follow-up and who were not part of the original subcohort. Case -cohort data analysis requires special statistical methods for handling such non-random data. If the objective is to test the association of a set of covariates (including genotypes) with the disease status, without taking into account the time-toevent information, a standard logistic regression model can be used, provided that the logarithm of the inverse of the probability of being selected in the subcohort is used as an offset. 10 If time-to-event information is needed, nonstandard methods must be used including pseudolikelihood 10, 12, 13 and partial-likelihood score functions. 11, 14 In the field of genetic epidemiology, the complexity of a time-to-event case -cohort analysis increases when the objective is to assess the contribution of haplotypes to the risk of disease. Indeed, in the absence of family data, haplotypes cannot generally be deduced from the genotypic information and must be statistically inferred. In ARIC, 15 a single imputation strategy 16, 17 was applied to investigate haplotypic associations without any previous validation study of an approach that was initially proposed for the analysis of genotypes in random samples of individuals. 16, 17 This is why, in MORGAM, before embarking on the study of IL-18 haplotypes using the single imputation strategy, a simulation study was first carried out to investigate the properties of this technique when applied to a case -cohort design.
Materials and methods
Cox's regression analysis under a case -cohort design Assume that, as in a standard Cox proportional hazard model 18 for a classic random prospective design, the hazard at time t for an individual with a covariate vector X is given by l(t) ¼ l 0 (t)exp(b t X), where l 0 (t) is an unspecified baseline hazard function and b is a vector of unknown regression parameters to be estimated. Under a case -cohort design, the set of covariates X is only collected for a random sample of individuals selected at baseline, referred to as the subcohort, and for all subjects with events of interest outside that subcohort. Individuals forming the subcohort can be selected using either equal or unequal probabilities depending on a set of baseline covariates collected on all individuals in the cohort. It is important to emphasize that the subcohort may include both individuals who will develop the event of interest (referred to as 'cases') and individuals who would never experience it during the follow-up.
For a case -cohort of n individuals, a consistent estimator of b,b, is available through the maximization of the following pseudolikelihood: case-control data. This consists, first, in estimating the haplotypic frequencies derived from the genotypes observed in the subcohort using standard methodology for random samples. 19 These frequencies are then used to compute for each genotyped individual (in and out the subcohort) the conditional probabilities of his/her pair of haplotypes given his/her genotypes, under the assumption of HardyWeinberg equilibrium (HWE). The unobserved haplotypes are then considered as the X covariates in the pseudolikelihood (formula 1) with the estimated conditional probabilities used now as weights in the regression model bX.
To investigate the statistical properties of this imputation method applied to a case -cohort design, a small simulation study was carried out.
Simulation study
Simulation settings Data were simulated under a casecohort design in which five SNPs (A/a, B/b, C/c, D/d and E/e), generating six haplotypes mimicking the IL-18 gene haplotypic structure observed in a previous study, 7 were tested for association with survival outcome (Table 1) . For each simulated data set, a cohort of 5000 individuals was generated as described in the Supplementary Information to match MORGAM data as closely as possible. Each individual was assigned a sampling probability of being selected in the subcohort, which was randomly drawn from the observed distribution of these probabilities in the MORGAM data. With this sampling, the subcohort was on average composed of 630 subjects, 570 non-cases and 60 cases, whereas the number of cases outside the subcohort was 450 (Table 1 ). Genotypes at each locus could then be constructed from haplotypes and analyzed using the pseudolikelihood methodology described above. All simulations were conducted on 1000 replicates for each particular setting.
Evaluation criteria The performances of the single imputation method for the case -cohort design were investigated in terms of 'mean bias,' 'mean standard error,' 'root-mean-square error' (RMSE), 'coverage probability,' which is the probability that the 95% confidence interval of the estimate contains the theoretical value, and the type I error and the power associated with the test for detecting the effect of each single haplotype. Type I error and power of the global haplotypic test of detecting at least one nonzero haplotypic effect were also investigated using the generalized Wald test statistic. In these tests, a significance level of 0.05 was applied.
We also compared this method with standard Cox regression analysis using the full information on all 5000 simulated individuals. For such analysis, a similar single imputation strategy was applied with the exception that the haplotypic frequencies were estimated on the 5000 'genotyped' subjects and not only on the subcohort. This comparison was made to evaluate the loss of power due to the case -cohort design.
MORGAM data analysis MORGAM study populations MORGAM is a multinational collaboration of several European cardiovascular cohorts whose description has been published elsewhere. 9 A detailed description of MORGAM cohorts is also available online (see Appendix). In the present work, five cohorts were studied, two from Finland (FINRISK, ATBC), one from France and one from Northern Ireland (both from the PRIME Study) and one from Sweden, for Table 1 Comparison of properties of haplotypic hazard ratio (HR) estimates obtained using a case -cohort design for the whole prospective cohort (simulation study based on 1000 replicates) The case -cohort data set (N ¼ 1078) was analyzed using a pseudolikelihood method, whereas the whole cohort (N ¼ 5000) was analyzed using a Cox partial likelihood. IL-18 haplotypes and cardiovascular risk M-L Grisoni et al a total number of 25 141 subjects with available DNA. All individuals were followed up over a median period of 6.0 years for mortality with specified causes of death and for several cardiovascular phenotypes. In each cohort, subjects were randomly selected to form part of a subcohort according to cohort-specific sampling probabilities depending on age, older subjects having a higher selection probability to ensure that similar age distributions were obtained in cases and subcohort. Globally, the subcohort comprised of 2271 subjects. In this study, we were interested in stroke and CHD events (see detailed event definition online). Subjects with cardiovascular events before the baseline examination were included in the analysis, but the event was not considered as end point event in the analysis. In the presence of multiple events during the follow-up, only the first event was considered. Both fatal and non-fatal events were included. The casecohort data set was thus composed of 1933 cases (333 cases from the subcohort and 1600 from outside) and 1938 noncases who were genotyped for the IL-18 gene SNPs.
Genotyping Five tag SNPs were genotyped in this study, which captured the haplotypic diversity of the regulatory, coding and flanking intronic regions of the IL-18 gene: G-887T (rs1946519), C-105T (rs360717), S35S (A/C) (rs549908), A þ 183G (rs5744292) and T þ 533C (rs4937100). Genotyping was performed using the TaqMan 5 0 -nuclease detection assay on a 7000 Sequence Detection System (Applied Biosystems). The genotyping success rate was at least 98% for all SNPs and we observed less than 0.85% genotyping errors based on the blinded duplicate comparison. All information for genotyping (PCR primers, probes, conditions of amplification and hybridization) can be found on the GeneCanvas website (http://genecanvas. ecgene.net).
Statistical analysis Deviation from HWE was tested in each subcohort by a standard w 2 with 1 degree of freedom (d.f.). SNPs were first tested for association with the case/non-case status without taking into account the censoring/event time information using a logistic regression model including the inverse of the sampling probabilities as an offset. Single-locus and haplotypic analyses with THESIAS software 20 were carried out.
As a second step, time-to-event survival analysis was conducted using the pseudolikelihood methodology described above. Time from the baseline examination was used in the analysis. For single-locus analyses, the 'coxph' R language function, with an offset as defined above, was used. 21 For haplotype analysis, haplotypic frequencies were first estimated in the subcohort and then used for computing individual conditional probabilities employing the 'haplo.em' R function. These probabilities were then incorporated as weights in the regression model of the 'coxph' R function.
Analyses were first carried out in each population separately, adjusting for age at baseline, gender and smoking status when appropriate. The Mantel -Haenszel statistic was used for testing the homogeneity of the results across cohorts and subsequently for providing combined odds ratio (OR) and HR estimates in the whole study.
Results
Results of the simulations Different patterns of association including various values of HR (1.0, 1.3, 1.5 and 1.8) associated with different common or rare haplotypes were investigated. As all these resulted in similar conclusions, we present only the results when one common haplotype with a frequency of 0.25 was associated with an HR of 1.3 by comparison with the most frequent haplotype ( Table 1) .
The six haplotypes were always correctly inferred from the genotypes, and the bias associated with haplotypic frequency estimates was very small (data not shown). Similarly, the bias associated with HR estimates was relatively small and increased as the corresponding haplotypic frequency decreased, but no bias was significantly different from 0. These properties were observed both for the pseudolikelihood method on case -cohort data and for the partial likelihood on the whole cohort. However, the SE and RMSE of the HR estimates in the case -cohort analysis were higher than those of the whole cohort, leading to a loss of power in the case -cohort analysis compared with the full-cohort analysis. For example, for the settings considered in Table 1 , the power to detect the effect of the 'at risk' haplotype decreased from 87 to 52% when the analysis was restricted to the casecohort design. Similarly, the power of the test to detect a global haplotypic effect (ie a w 2 test with 5 d.f.) was 83% using the genotypic information on the full cohort, whereas it decreased to 37% using the case -cohort data. Under the null hypothesis of no haplotypic effect, the type I error of the global haplotypic test was always in agreement with the nominal 0.05 level, for both methods. As expected, testing all single haplotypes without correcting for multiple testing would lead to the erroneous identification of an effect in about 22% of the replicates simulated under the null hypothesis (data not shown). Correcting for the number of estimated haplotypic effects (ie five in these simulations) led to a type I error rate of 5.8%, which was consistent with the expected 5% level.
MORGAM data
A brief description of the populations used for this analysis is given in Table 2 . Three cohorts out of five, ATBC, PRIME/ France and PRIME/N.Ireland, included only men. In the ATBC cohort, the prevalence of smokers was very high (77.7%) because smoking a few years earlier was one of the inclusion criteria. In the other cohorts, the percentage of smokers was much lower (about 25%). Of the 1933 cases of CVD, 1275 experienced a CHD event, 557 a stroke event and 101 experienced both. The first event was fatal for 401 CHD cases (31%) and 73 stroke cases (13%).
For ease of presentation, most of the results presented are those obtained in the whole study, after having checked the homogeneity of the associations across cohorts.
Single-locus analysis In all the subcohorts, genotypic distributions were compatible with HWE. Allele frequencies did not differ between subcohorts (P-values from 0.42 to 0.89 for the five SNPs), and none of the polymorphisms were significantly associated with disease status (Table 3) . We further investigated whether SNPs could potentially interact with the studied covariates (age, sex, smoking) to modulate the risk of disease. Three SNPs were found differentially associated with disease according to smoking (Supplementary Table 1 ). In smokers, the À105T allele was significantly more frequent in cases than in controls (0.29 vs 0.25) and associated with an increased OR for disease of 1.25 (95% confidence interval 1.07 -1.45) (P ¼ 0.005), whereas no association was observed in non-smokers (OR ¼ 0.90 (0.78-1.03), P ¼ 0.131). The test for homogeneity of these two ORs was highly significant (P ¼ 0.002). The association found in smokers was consistently observed in the five cohorts ( Figure 1 ) and was even stronger after exclusion of the ATBC cohort in which all non-smokers are former smokers (OR ¼ 1.43 (1.06 -1.92), P ¼ 0.017). Similar associations were observed for two other SNPs, G-887T and S35S(A/C), for which the minor allele was associated with an increased OR in smokers only (Supplementary Table 1) .
Time-to-event pseudolikelihood analyses yielded similar observations (Supplementary Table 1 ).
Haplotypic analysis Owing to strong linkage disequilibrium, the five IL-18 SNPs defined six major haplotypes with frequencies higher than 1% (Supplementary Table 2 ). The haplotypic structures were broadly homogeneous across the five cohorts even though the Finnish cohorts were more alike than the three others. As the frequency of the TCAAC haplotype was very low, about 2% in nonFinnish cohorts and B0.5% in Finnish populations, its effect on the risk of disease was not estimated.
No difference in haplotypic frequency was observed between cases and controls in any of the five cohorts (Supplementary Table 3 In the presence of several events, only the first event was considered.
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associated with a population-adjusted OR of 1.27 (1.06 -1.52) (P ¼ 0.009) in comparison with the most frequent GCAAC haplotype (Figure 2 ). The corresponding OR in non-smokers was 0.87 (0.78 -0.97) (P ¼ 0.015), the test of homogeneity between these two ORs being highly significant (Po10 À3 ). The effect observed for the TTCAT haplotype in smokers was homogeneous across the five cohorts ( Figure 3 ) and was maintained even after excluding the ATBC cohort (OR ¼ 1.55 (1.14 -2.11), P ¼ 0.005).
In a time-to-event analysis, the population-adjusted HR associated with the TTCAT haplotype observed in smokers (1.20 (0.99 -1.45), P ¼ 0.062) was significantly different (P ¼ 0.022) from that observed in non-smokers (0.89 (0.74 -1.05), P ¼ 0.174) (Figure 2) .
As the TTCAT haplotype is the only one associated with the disease and the only one carrying the À105T allele, this haplotype analysis confirmed the differential effect of the C-105T SNP on disease risk according to smoking habit and suggests that the effect of the S35S(C) and the À887T alleles observed in single-locus analyses could be due to their LD with the À105T allele.
Another way to illustrate this gene -smoking interaction is to look at the OR for disease associated with smoking according to the C-105T genotypes (Supplementary data). In the whole MORGAM cohort, smoking was associated with a population-adjusted OR of 1.53 (1.31 -1.80) (P ¼ 2 Â 10 À7 ). This effect was stronger in carriers of the À105T allele (OR ¼ 1.93 (1.53 -2.44), P ¼ 3.5 Â 10 À8 ) than in homozygous carriers of the À105C allele (OR ¼ 1.25 (1.00 -1.55), P ¼ 0.05), these two ORs being significantly different (P ¼ 0.003). Similar analyses were performed treating CHD and stroke events separately, as well as fatal and non-fatal events, and excluding cases with CVD at baseline. All analyses consistently identified a C-105T -smoking interaction (data not shown). 
Discussion
This work reports the results of an association analysis of tag IL-18 gene SNPs with CVD in five European cohorts, contributing to the MORGAM Project, as this gene has been seen as a good candidate for CVD. 2 -7 The allele-frequency distribution of the five SNPs studied and the resulting haplotypic structures did not differ significantly across the five cohorts. The À105T allele, and therefore the unique haplotype carrying this allele, was found to be associated with an increased risk of CVD in smokers, whereas an inverse relationship tended to be observed in non-smokers. The C-105T polymorphism and four other SNPs were genotyped in MORGAM because they were found to well reflect IL-18 gene variability. 7 The C-105T SNP is nearly in complete association with the rs187238 that has been found associated with IL-18 transcription activity, 22, 23 The MORGAM Project has adopted a case -cohort design to investigate genetic associations with CVD, a design that needs recourse to non-standard methods to deal with timeto-event analysis. To cope with the additional complexity of haplotypic inference, we decided upon a single imputation technique coupled with a pseudolikelihood approach for testing the association of haplotypes with a survival outcome in a case -cohort setting. The validity of this approach was checked by simulation. We incorporated our method into an R procedure that can be used routinely and that also enables a posteriori power calculations to be made easily. For example, in a case -cohort data set of B1800 individuals with equal proportions of cases and non-cases such as in our subgroup of smokers, the power to detect an HR of 1.3 associated with a haplotype with a frequency of 0.28 was 70%. More complex statistical methods for the case -cohort design exist 27 -29 and their application to haplotypic association analysis would warrant further investigation.
In conclusion, we have demonstrated that the MORGAM Project is a powerful tool for investigating the association of candidate genes with CVD and to detect, if any, their interaction with environmental factors. In particular, we report here that one IL-18 tag SNP was associated with CVD and that its effect could be modulated by cigarette smoking. Six other European cohorts with DNA available are in the process of joining the MORGAM Project, which will make it even more powerful.
